Entecavir (ETV) is a potent and selective inhibitor of hepatitis B virus (HBV) replication in vitro and in vivo that is currently in clinical trials for the treatment of chronic HBV infections. A major limitation of the current HBV antiviral therapy, lamivudine (3TC), is the emergence of drug-resistant HBV in a majority of treated patients due to specific mutations in the nucleotide binding site of HBV DNA polymerase (HBV Pol). To determine the effects of 3TC resistance mutations on inhibition by ETV triphosphate (ETV-TP), a series of in vitro studies were performed. The inhibition of wild-type and 3TC-resistant HBV Pol by ETV-TP was measured using recombinant HBV nucleocapsids, and compared to that of 3TC-TP. These enzyme inhibition studies demonstrated that ETV-TP is a highly potent inhibitor of wild-type HBV Pol and is 100-to 300-fold more potent than 3TC-TP against 3TC-resistant HBV Pol. Cell culture assays were used to gauge the potential for antiviral cross-resistance of 3TC-resistant mutants to ETV. Results demonstrated that ETV inhibited the replication of 3TC-resistant HBV, but 20-to 30-fold higher concentrations were required. To gain further perspective regarding the potential therapeutic use of ETV, its phosphorylation was examined in hepatoma cells treated with extracellular concentrations representative of drug levels in plasma in ETV-treated patients. At these concentrations, intracellular ETV-TP accumulated to levels expected to inhibit the enzyme activity of both wild-type and 3TC-resistant HBV Pol. These findings are predictive of potent antiviral activity of ETV against both wild-type and 3TC-resistant HBV.
Infection with hepatitis B virus (HBV) is a medical problem of global proportions. Despite the existence of a safe vaccine, approximately 5% of the world population is infected with HBV. Approved therapies for chronic HBV infection are treatment with alpha interferon or lamivudine (3TC). Drawbacks to treatment with alpha interferon include a low sustained response rate, undesirable side effects, the need for parenteral administration, and high cost. Therapy with 3TC is less costly and more convenient to use, but it also suffers from a low sustained response rate. Of more fundamental concern is that while initial treatment of patients with 3TC results in a rapid lowering of HBV DNA levels in the blood, its efficacy is severely compromised in most patients by the development of antiviral resistance after prolonged therapy.
The inhibition of HBV replication by nucleoside analogs results from the recognition of nucleoside analog triphosphates (TPs) by the RNA-dependent DNA polymerase of HBV (HBV Pol). Clinical resistance to 3TC results from amino acid substitutions at position 550 (methionine [M] ) in the highly conserved YMDD motif of HBV Pol (31) . Variants with the double mutation M550V/L526M or the single mutation M550I predominate (reviewed in reference 14) . Molecular modeling studies suggest that these mutations alter the nucleotide binding site of HBV Pol to cause steric hindrance of 3TC-TP binding (1, 4) . Genotypic resistance emerges in 14 to 32% of patients within the first 12 months of 3TC therapy (8, 21) , increasing to 40% within 2 years of treatment (23) and 57% by year 3 (22) . The development of resistance is fueled by the high rate of virus replication and the error rate of the viral polymerase. To combat this, alternative therapies that suppress HBV replication in vivo more effectively are needed. A more potent antiviral agent, for example, should suppress HBV replication and also slow the emergence of drug-resistant variants. Therapies that would also suppress the replication of 3TC-resistant HBV are needed.
Entecavir (ETV), a deoxyguanosine analog, is a potent and selective inhibitor of HBV replication; its in vitro potency is 100-to 1,000-fold greater than that of 3TC, and it has a selectivity index (concentration of drug which reduced the viable cell number by 50% [CC 50 ]/concentration of drug which reduced viral replication by 50% [EC 50 ]) of ϳ8,000 (15, 28) . Human clinical trials have demonstrated the efficacy of ETV for the treatment of chronic HBV infections at doses as low as 0.01 mg daily (7, 20) . The in vivo efficacy of ETV was previously demonstrated in the woodchuck and duck models of HBV infection (13, 24) . Important differences between the behavior of ETV and 3TC were observed in these models, including their roles in the development of antiviral resistance. In the woodchuck model, ETV therapy suppressed the levels of woodchuck hepatitis virus (WHV) DNA in blood by up to 8 log 10 units and reduced hepatic covalently closed circular DNA levels by up to 4 log 10 units. Even after 14 to 36 months of therapy with ETV, there was no emergence of drug-resistant WHV (3) . These observations are in contrast to those made for 3TC therapy, which not only failed to reduce intrahepatic covalently closed circular DNA levels in the woodchuck but also led to the emergence of drug-resistant variants with mutations in WHV Pol (25) . These results, while limited to the woodchuck model, clearly support the suggestion that a more potent HBV antiviral agent could slow the emergence of drug-resis-tant HBV in vivo. The potential for additional therapeutic benefits of ETV therapy was indicated by a reduced frequency of hepatocellular carcinoma in the woodchuck model and a prolonged life span of chronically infected animals (3). While there is limited data published on the in vitro efficacy of ETV against 3TC-resistant HBV (28) , recent clinical studies have demonstrated the in vivo efficacy of ETV against 3TC-resistant HBV infections (N. Tassopoulos, S. Hadziyannis, J. Cianciara, M. Rizzetto, E. Schiff, G. Pastore, V. Rutkiewicz, N. Thomas, G. Denisky, and S. Joshi, Hepatology 34:340A, 2001). These results highlight the fact that ETV has unique properties for the inhibition of HBV replication relative to 3TC that result in excellent therapeutic benefits.
In vitro studies with HBV can provide important insights into antiviral mechanism(s) of action. Previous studies have demonstrated that ETV-TP is a competitive inhibitor of HBV Pol negative-strand synthesis and positive-strand replication, and unlike 3TC, it also inhibits the HBV priming reaction (30) . A key factor contributing to the excellent potency of ETV is that HBV Pol displays a higher affinity for ETV-TP than it does for its natural substrate, dGTP (30) . This report describes additional in vitro studies performed to better understand the mechanisms underlying the therapeutic efficacy of ETV against both wild-type and 3TC-resistant HBV and to relate this understanding to antiviral efficacy in vivo and the potential for antiviral resistance to ETV. A sensitive HBV Pol assay using recombinant HBV nucleocapsids was employed to measure the inhibitory activities of ETV-TP and 3TC-TP and to determine the relative binding affinities to wild-type and 3TC-resistant HBV Pol. Also, cell culture assays were used to measure the relative antiviral potency of ETV and 3TC against wildtype and 3TC-resistant HBV to gauge the potential for crossresistance. To add an important perspective, the accumulation of ETV-TP was examined at clinically relevant exposure levels as a predictor of the potential therapeutic efficacy of ETV in wild-type and 3TC-resistant HBV infections. The results provide a level of detail that may explain the observed in vivo efficacies of ETV against both wild-type and 3TC-resistant HBV infections.
MATERIALS AND METHODS

Compounds. ETV (formerly BMS-200475), lamivudine (3TC), and
3 H-labeled ETV were chemically synthesized at Bristol-Myers Squibb.
HBV Pol constructs. The BAC-TO-BAC Baculovirus Expression System (Invitrogen, Gaithersburg, Md.) was used to construct a panel of baculovirus recombinants expressing wild-type and mutant HBV pol genes. A SalI-to-blunted NotI fragment from pRH210 carrying the HBV pol gene (subtype ayw) flanked at the 3Ј end by the DR1 and ε elements was cloned into the SalI-to-blunted HindIII sites of a pFastBac1 derivative (pFasBac⌬AVR) in which the AvrII site in the vector was deleted, creating pFastBac-HBV-POL. Mutations were created by site-directed mutagenesis by the method of Kunkel (18) , and mutagenic primers and pRH210 single-stranded DNA were used to create the mutations L526M (5Ј-GT-AAA-CTG-AGC-CAT-GAG-AAA-CGG-3Ј), M550V (5Ј-AA-T  AC-CAC-ATC-ATC-CAC-ATA-ACT-GAA-AG-3Ј), M550I (5Ј-AA-TAC-CA  C-ATC-ATC-AAT-ATA-ACT-GAA-AG-3Ј), V553I (5Ј-CC-CAA-TAC-AAT-A  TC-ATC-CAT-ATA-ACT-3Ј) , and M550V/L526M in the polymerase domain (reverse complement of mutated codon is underlined). To create pFastBac-HBV-POL derivatives having mutations L526M, M550V, M550I, V553I, or M550V/L526M, the AvrII-to-NsiI fragment was replaced with the appropriate AvrII-to-NsiI fragment from the pRH210 mutant constructs. Chimeric HBV Pol constructs having the reverse transcriptase (RT) domain from 3TC-resistant clinical HBV samples (subtype adw) were also constructed by replacing the AvrII-to-NsiI fragment of pFastBac-HBV-POL with AvrII-to-NsiI fragments having either the M550V/L526M or M550V/L526M/V553I mutations. The sequence of the clinical AvrII-to-NsiI fragment is identical to the AvrII-to-NsiI fragment (nucleotides 1587 to 2478) of the reported adw2 sequence (accession number X02763) except for a T-to-A substitution at base 1698, an A-to-T substitution at base 2045, a C-to-G substitution at base 2291, and a G-to-A substitution at base 2318. The presence of each of the mutations in the pFastBac-HBV-POL clones was verified by DNA sequence analysis. Recombinant baculoviruses and virus stocks were prepared according to the instructions of the manufacturer.
HBV genome constructs. Plasmid pTHBV containing two head-to-tail tandem copies of the subtype ayw HBV genome (2) was used to generate a terminally redundant 1.3x HBV genome fragment. Briefly, nucleotides 1068 to 5175 (nucleotide 1 is the EcoRI site) from pTHBV were released as two fragments after digestion with NsiI/SpeI and SpeI/XbaI and recloned into the pFastBac transfer vector, yielding pBAC-HBV. To isolated recombinant baculoviruses containing the entire HBV genome, pBAC-HBV DNA was transfected into SF9 cells with BaculoGold DNA (BD Biosciences Pharmingen, San Diego, Calif.) according to the manufacturer's instructions. The recombinant baculovirus was identified by Southern dot blot hybridization to detect HBV DNA in plaque-purified baculovirus DNA. The pCMV-HBV plasmid was a generous gift from S. Goff (11) . Derivatives of pBAC-HBV and pCMV-HBV having mutations responsible for 3TC resistance were created by replacing the AvrII-to-NsiI fragment of pCMV-HBV with the appropriate AvrII-to-NsiI fragments of pRH210 (see above), creating pCMV-M550I and pCMV-M550V/L526M.
Endogenous polymerase assays. Baculovirus-derived trans HBV nucleocapsids containing wild-type or mutant polymerases were prepared as previously described (29) . Briefly, SF21 cells were coinfected with baculovirus recombinants expressing HBV Pol and core proteins. Insect cell lysates were partially digested by mild protease and nuclease treatments, and recombinant HBV nucleocapsids were enriched to Ͼ80% purity via ultracentrifugation through 10% sucrose. Endogenous polymerase reactions were performed in 384-well plates (BD Biosciences Discovery Labware, New Bedford, Mass.) containing 75 mM NH 4 Cl, 50 mM Tris-HCl (pH 7.4), 20 mM MgCl 2 , 0.1% Tween 20, 100 g of gamma globulin-free bovine albumin per ml, 100 g of tRNA per ml, and 30 to 100 ng of recombinant HBV nucleocapsids. The plates were incubated at 37°C for 3 h. Scintillation proximity assay (SPA) beads (PVT-Protein A; Amersham Biosciences, Piscataway, N.J.) were prepared by allowing HBV core protein-specific rabbit polyclonal antibody (Dako, Carpinteria, Calif.) to bind overnight. Unbound antibody was removed, and charged SPA beads were suspended at 2.5 mg/ml in buffer A (75 mM NH 4 Cl, 50 mM Tris-HCl [pH 7.4], 0.1% Tween 20, 100 g of gamma globulin-free bovine albumin per ml, 50 mM EDTA). Reactions were terminated by the addition of 200 g of charged SPA beads. The ratio of suspended SPA bead volume to endogenous polymerase reaction volume was 3.6:1. HBV Pol-dependent incorporation of radiolabeled nucleotide was measured using a Packard TopCount counter. Dose-response experiments were performed with HBV nucleocapsids containing wild-type or 3TC-resistant Pol using ETV-TP (0.06 to 15.6 nM for wild-type Pol; 1.95 to 500 nM for 3TC-resistant Pol) or 3TC-TP (0.39 to 200 nM for wild-type Pol; 312 to 80,000 nM for 3TC-resistant Pol). The concentration of deoxynucleoside triphosphates (dNTPs) (Amersham Biosciences) was 1 M (each), except in ETV-TP reaction mixtures where dGTP was replaced with 0.83 or 2.22 nM [␣-33 P]dGTP (NEN, Boston, Mass.) and in 3TC-TP reaction mixtures where dCTP was replaced with 0.83 or 2.22 nM [␣-
33 P]dCTP (NEN). Doseresponse curves were plotted using a four-parameter logistic equation (Fig. 1 ) to determine the 50% inhibitory concentration (IC 50 ) for analog TPs.
The K m constants for competing dNTP substrates (dGTP or dCTP) were determined with both wild-type HBV Pol (subtype ayw) and a 3TC-resistant clinical isolate RT domain (ayw/adw chimera). Initial reaction velocities for wild-type and 3TC-resistant polymerase were measured over a range of substrate concentrations from three independent experiments, and K m values were determined from direct linear plots (9) . Substrate (dGTP or dCTP) concentrations ranged from 0.8 to 12.5 nM for both wild-type HBV Pol and the triple mutant HBV Pol. The concentration of noncompeting dNTPs was 1 M, except for dTTP which was replaced with 25 nM [␣-
33 P]dTTP (NEN). The higher concentration of radiolabel in these experiments required the removal of unincorporated counts by washing the SPA beads three times in buffer A to eliminate background. The K i values for analog TPs were calculated from the equation
is the concentration of substrate) (see Table 2 ).
HBV replication in cells. HepG2 cells (American Type Culture Collection, Manassas, Va.) were maintained at 37°C in a humidified incubator with 5% CO 2 in RPMI 1640 (Invitrogen) supplemented with 10% heat-inactivated fetal bovine serum (FBS). For baculovirus-mediated gene transfer, HepG2 cells were seeded at ϳ40% confluency on collagen-coated plates (BD Biosciences Discovery Labware) and then incubated overnight. The following day, cells were washed once 2526 LEVINE ET AL. ANTIMICROB. AGENTS CHEMOTHER.
with RPMI 1640 with 2% FBS and infected with recombinant BAC-HBV at a multiplicity of infection of 100 in RPMI 1640 with 2% FBS. Cells were infected for 3 h, the input virus was aspirated, and the cells were washed three times with growth medium. Cells were then fed with RPMI 1640 with 2% FBS with or without the indicated compound (final dimethyl sulfoxide concentration of 0.1%). Cells were incubated for 5 days, and the tissue culture supernatant was harvested for quantitation of extracellular HBV DNA. For transfection studies, plasmid DNA was transfected into HepG2 cells seeded on 24-well plates with the use of Lipofectamine (Invitrogen). Four hours after transfection, the cells were washed three times with growth medium and the cells were fed with RPMI 1640 with 2% FBS with or without the indicated compound (final dimethyl sulfoxide concentration of 0.1%). After cells were incubated for 5 to 6 days, the tissue culture supernatant was harvested for quantitation of extracellular HBV DNA. Southern blot hybridization. Samples of culture supernatant (150 l) were centrifuged at 5,000 rpm in an Eppendorf model 5415C microcentrifuge, from which 100 l was processed for blotting. Samples were combined with 1 volume of 2 N NaOH-20ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate), incubated for 30 min at 37°C, and applied to a Nytran membrane (Schleicher & Schuell, Keene, N.H.) in a dot blot apparatus. The membrane was washed with 4 volumes of 1 M NaCl-1 M Tris-HCl (pH 7.2) and then with 2 volumes of 20ϫ SSC. Membranes were processed for hybridization according to the manufacturer's protocol (Gene Images Detection System; Amersham Biosciences). The hybridization probe was full-length ayw HBV DNA released by NcoI digestion of plasmid pTHBV, purified by agarose gel electrophoresis and used to generate a fluorescein-labeled probe. Membranes were removed from the dot blot apparatus, rinsed with 6ϫ SSC for 5 min, cross-linked by UV irradiation, and then prehybridized for 30 min with Gene Block (Amersham Biosciences). Hybridization with fluorescein-labeled probe was conducted overnight in Gene Block at 60°C. Hybridized membranes were washed with 1ϫ SSC-0.1% sodium dodecyl sulfate for 15 min at 60°C and then blocked with Liquid Block (Amersham Biosciences) in 100 mM Tris-HCl (pH 9.5) with 300 mM NaCl. Alkaline phosphatase-conjugated anti-fluorescein antibody was used for hybrid detection according to the manufacturer's protocol. Multiple film exposures were quantitated by densitometry (Molecular Dynamics SI Densitometer). A twofold serial dilution of linearized full-length HBV DNA was used as the standard for quantitation purposes.
Quantitative PCR. Extracellular HBV DNA was quantitated directly using clarified culture supernatants (5,000 rpm for 5 min in an Eppendorf model 5415C microcentrifuge). The PCR primers and probe were designed using Primer Express software (Applied Biosystems, Foster City, Calif.). Amplification was performed in a 50-l reaction mixture containing 2ϫ TaqMan Universal MasterMix (Applied Biosystems), 10 l of clarified culture supernatant, 300 pmol of forward primer (5Ј-GTAAACAATACCTGAACCTTTACCCC-3Ј; nucleotides 1126 to 1151), 300 pmol of reverse primer (5Ј-CGTCAGCAAACACTTGGCA C-3Ј; nucleotides 1194 to 1175), and 100 pmol of TaqMan probe (5Ј-6-carboxyflu oroscein-TTGCCCGGCAACGGCCA-3Ј; nucleotides 1153 to 1169). After preparation of the reaction mixtures in 96-well plates, the plates were centrifuged at 800 rpm for 1 min in a Beckman GPKR swing rotor centrifuge. Amplification and detection were performed with an ABI Prism 7700 Sequence Detection System. The PCR protocol consisted of the following: (i) a single cycle of 2 min at 50°C, followed by 10 min at 95°C; and (ii) 45 two-step cycles, with 1 cycle consisting of 15 s at 95°C and 60 s at 60°C. A 10-fold dilution series of full-length ayw linearized HBV DNA ranging from 1,000 pg to 0.5 fg was used as a DNA standard for quantitation. The limit of detection was 12.8 fg. Analysis of amplification data was done with the Sequence Detector version 1.6.3 software (Applied Biosystems).
Phosphorylation studies. Most methods used in the phosphorylation studies were similar to those described previously (32) . HepG2 cells (American Type Culture Collection) were plated at 2 ϫ 10 5 to 5 ϫ 10 5 cells/well in collagencoated six-well culture dishes (9.4 cm 2 /well), which were then incubated overnight to allow cells to adhere. In the morning, cells were then labeled with 3 H-labeled ETV (prepared at Bristol-Myers Squibb) as described in the individual experiments. Following 2 to 5 days of incubation, cells were extracted in situ with 60% methanol, and nucleotide analyses were performed as described earlier (32) . Cell growth was estimated by measuring the increase in A 260 of the methanol-soluble extract of washed cell monolayers. Intracellular nucleotide concentration was determined on the basis of an estimated cell volume of 10 Ϫ9 ml (10).
RESULTS
Inhibition of wild-type and 3TC-resistant HBV Pol in vitro.
The potency of ETV-TP as an inhibitor of HBV DNA synthesis was examined using recombinant baculovirus-derived HBV nucleocapsids containing wild-type or 3TC-resistant HBV Pol. These recombinant nucleocapsids are competent for both the priming and reverse transcription events of HBV DNA replication, supporting the incorporation of radiolabeled nucleotides into nascent minus-strand DNA (29) . In the present study, the incorporation assay was modified to include a novel immunocapture SPA detection method (Materials and Methods). In addition, reactions were done at 37°C instead of the 30°C temperature used previously. These modifications improved the assay sensitivity by increasing the reaction velocity and by reducing the background signal due to impurities in the partially purified nucleocapsid preparations.
Recombinant HBV nucleocapsids were used to measure polymerase activity in the presence or absence of ETV-TP and 3TC-TP. For each inhibitor, IC 50 s were derived from several independent dose-response experiments (Fig. 1A) . To compare the results, IC 50 s were normalized to the concentration of the competing natural dNTP substrate (dGTP for ETV-TP and dCTP for 3TC-TP). Inhibition of wild-type HBV Pol (subtype ayw) by ETV-TP and 3TC-TP yielded IC 50 /[dNTP] ratios of 0.43 and 7.5, respectively (Table 1) , comparable to values determined previously using the non-SPA detection method (30) . The results indicated that ETV-TP inhibited DNA synthesis by wild-type HBV Pol with 17-fold-greater potency than 3TC-TP. (Table 1) . These values indicated potent inhibition of 3TC-resistant HBV Pol, though with a significant reduction relative to wild-type HBV Pol. The M550V mutation had a minor effect on the potency of ETV-TP (ϳ10-fold), while the L526M and V553I single point mutations had no effect (Table 1) . Dose-response measurements with 3TC-TP (Fig. 1B) yielded IC 50 /[dNTP] values of 6,200 and 7,600 for inhibition of the M550V/L526M and M550I variants, respectively (Table 1) . These values indicated a dramatic loss of potency, up to 1,000-fold, relative to the inhibition of wild-type HBV Pol (Table 1) . Nucleocapsids carrying the M550V substitution alone exhibited an intermediate level of resistance to 3TC-TP, while the L526M and V553I substitutions alone had no effect, as expected ( Table 1) . The findings with 3TC-TP are consistent with reports demonstrating that the M550I mutation alone confers resistance to 3TC and that the M550V mutation emerges in conjunction with the L526M mutation (1). Consequently, the intrinsic potency of ETV-TP against clinically relevant 3TC-resistant point mutants was greater than that of 3TC-TP by at least 2 orders of magnitude.
To confirm that results with the YMDD point mutants were an accurate reflection of clinically resistant HBV Pol, chimeric nucleocapsids were generated in which the entire RT domain of wild-type HBV Pol was replaced with the entire RT domain from each of two 3TC-resistant clinical isolates (subtype adw). Of the two isolates, one carried the double mutation, M550V/ L526M, and the other, a triple mutant, carried an additional V553I substitution that is sometimes found in association with clinically resistant M550V/L526M mutants (31) . Both of these chimeras carried 25 additional amino acid substitutions in the RT domain compared to the wild-type ayw construct that are not known to be associated with 3TC resistance. In doseresponse experiments, the IC 50 /[dNTP] ratio for 3TC-TP against the intact RT domains was increased by a factor of 1,200 to 1,350, relative to the wild type, similar to the effect of the double point mutation alone ( More detailed kinetic analysis was carried out with nucleocapsids for the wild-type HBV Pol and the triple mutant RT domain (M550V/L526M/V553I), selected as a representative 3TC-resistant HBV Pol. Using the immunocapture SPA, apparent K m values for dGTP and dCTP were determined for both Pols, and then K i values for ETV-TP and 3TC-TP were calculated from multiple dose-response experiments, as described in Materials and Methods. For wild-type HBV Pol, the apparent K m values for dGTP and dCTP were 1.3 and 2.0 nM, respectively. The resulting K i values for ETV-TP and 3TC-TP were 0.2 and 4.4 nM, respectively (Table 2) . These results confirmed the previous finding that wild-type HBV Pol displays a binding preference for ETV-TP over dGTP (30) . For the 3TC-resistant RT domain, the apparent K m values for dGTP and dCTP were 1.6 and 2.8 nM, respectively ( Table 2) . The resulting K i values for ETV-TP and 3TC-TP were 22.1 nM and 6,377 nM (6.4 M), respectively. These results indicated that YMDD mutations alter the ability of HBV Pol to bind both ETV-TP and 3TC-TP but to different degrees. Like using IC 50 /[dNTP] ratios to compare inhibitor potencies, K i /K m ratios can be used to compare their relative affinities. The K i /K m ratios for 3TC-resistant HBV Pol increased 69-and 1,035-fold for ETV-TP and 3TC-TP, respectively, relative to the wild type. This indicates a much more profound effect of the YMDD mutations on the inhibitory activity of 3TC-TP than for ETV-TP. In fact, the results show that ETV-TP was almost as potent an inhibitor of the 3TC-resistant HBV Pol (K i /K m ϭ 13.8) as 3TC-TP was for wild-type HBV Pol (K i /K m ϭ 2.2).
HBV replication in transfected HepG2 cells. Because ETV-TP exhibited significant affinity for 3TC-resistant HBV Pol, it was of interest to examine the effects of YMDD mutations on the antiviral potency of ETV. The sensitivity of antiviral potency measurements for HBV using various cell culture assays is highly variable. For example, published EC 50 s for 3TC against wild-type HBV range anywhere from 5 nM (12) to Ͼ500 nM (28) . A suitable application for cell-based replication assays that is less dependent on assay sensitivity is comparing the relative antiviral potencies of various HBV inhibitors (5) .
An important feature of cell-based replication assays is that the antiviral potency measurement is the sum of inhibitory effects on all functions of HBV Pol. In the case of ETV, for example, inhibition of the priming reaction might contribute more to the relative potency in whole-cell assays that support a full replication cycle. Two different assay formats were used to gauge the effects of 3TC resistance mutations on the antiviral activity of ETV. In the first assay format, a baculovirus vector was constructed to transfect mammalian cells with replication-competent HBV genomes, as described by Delaney and Isom (6) . HBV replication was monitored in the human hepatoma cell line HepG2 by the appearance of viral DNA in virions secreted into the culture supernatant (described in Materials and Methods). In the absence of inhibitors, the time course of HBV replication was highly reproducible, and antiviral measurements were made routinely at day 6 postinfection. In doseresponse experiments ( Fig. 2A) , the production of extracellular HBV DNA was inhibited by both ETV and 3TC with EC 50 s of 3 and 196 nM, respectively (Table 3) . Similar EC 50 s were also obtained when the Huh-7 hepatoma cell line was used in place of HepG2 cells (data not shown). To assess the effects of 3TC resistance mutations on antiviral potency, a BAC-HBV construct was generated with the M550V/L526M double point mutation (BAC-M550V/L526M). The replication of this HBV variant was highly compromised in vitro, exhibiting a rate nearly 50-fold lower than that of the wild type, as measured by real-time PCR (Materials and Methods). In dose-response measurements with 3TC, an EC 50 could not be obtained at concentrations up to 100 M, indicating strong phenotypic resistance (Ͼ500-fold relative to wild-type HBV; Table 3 ). In clear contrast, ETV strongly inhibited the replication of the 3TC-resistant HBV mutant with an EC 50 of 61 nM (Table 3) . These assay results demonstrated that a 20-fold increase in ETV exposure levels was sufficient to suppress the replication of a 3TC-resistant variant of HBV. The results obtained were not related to cytotoxicity, since the concentrations of ETV used were well below its CC 50 of 30 M (15). The second assay format used plasmids with HBV genomes under transcriptional control of the human cytomegalovirus (CMV) promoter (pCMV-HBV). Use of the strong CMV promoter leads to higher levels of HBV pregenomic RNA in cells, better enabling in vitro antiviral measurements for poorly replicating HBV isolates (1, 19) . For the wild-type plasmid (pCMV-HBV), EC 50 s for ETV and 3TC were 1 and 139 nM, respectively, close to the values measured using the baculovirus-mediated gene transfer method ( Table 3 ). The YMDD variants pCMV-M550V/L526M and pCMV-M550I were both insensitive to 3TC, as expected (EC 50 Ͼ100 M; Fig. 2B) . ETV, on the other hand, was a potent inhibitor of both mutants with EC 50 s of 29 and 31 nM, respectively (Fig. 2B) . In these assays, a ca. 30-fold increase in ETV exposure level was sufficient to suppress the replication of 3TC-resistant HBV variants relative to the wild type (Table 3) . In both assay systems described here, ETV was a more potent inhibitor of 3TC-resistant HBV replication than 3TC was of wild-type HBV replication. Taken together, the cell culture antiviral assays demonstrated that ETV is a potent inhibitor of 3TC-resistant HBV with in vitro cross-resistance of 20-to 30-fold.
Metabolic studies of ETV in HepG2 cells. Clinical studies have demonstrated the in vivo efficacy of a once-daily dose of 0.5 mg of ETV in patients with chronic HBV infection (7) and To gain an important perspective on the antiviral activity of ETV at clinically relevant exposure levels, experiments were undertaken to examine the accumulation of ETV-TP in human hepatoma cells treated continuously with extracellular concentrations of ETV of Յ5 nM. The phosphorylation of ETV was examined previously in cells treated with 5 to 100 nM 3 H-labeled ETV (32) . In these experiments, the accumulation of ETV-TP in HepG2 cells was detectable within 4 h of labeling, reached a plateau after 20 h, and was approximately linear down to the lowest concentration examined (5 nM). The intracellular half-life of ETV-TP was ϳ15 h, leading to a significant accumulation of ETV-TP above the extracellular concentration. In addition, the high efficiency of ETV phosphorylation has been consistently observed in a variety of different cell types examined (32) . In extending these studies to lower ETV concentrations, cells were labeled at 5, 1, and 0.2 nM. The kinetics of ETV-TP accumulation was slowed at the lower concentrations, as detectable TP did not appear for 2 to 3 days (Fig. 3) . A decrease in the extracellular concentration of 3 H-labeled ETV was observed at 0.2 nM, however, indicating that decreasing substrate concentration contributed to the slower kinetics. ETV phosphorylation was not detected at labeling concentrations below 0.1 to 0.2 nM. At 1 and 5 nM extracellular ETV, the levels of intracellular ETV-TP were 28 and 110 nM, respectively (Table 4 ). These concentrations are well above the K i value for inhibition of wild-type HBV Pol by ETV-TP and also remain above the K i value for inhibition of 3TC-resistant HBV Pol (Table 2) . Table 4 summarizes the phosphorylation data, showing that the relative efficiency of phosphorylation was greatest at the lowest extracellular concentrations: the efficiency was 30-fold higher at 0.2 nM than it was at 25 M. Due to limiting substrate at the lowest concentrations, the corresponding phosphorylation efficiency may actually be underestimated. Given the long intracellular half-life of ETV-TP, these findings indicate that consistent exposure to extracellular concentrations of ETV in the low nanomolar range can result in sufficient ETV-TP inside cells to inhibit not only wild-type but also 3TC-resistant HBV Pols.
DISCUSSION
This report describes parameters influencing the antiviral activity of ETV against wild-type and 3TC-resistant HBV. To examine the intrinsic activity of ETV-TP directly, the inhibition of wild-type and 3TC-resistant HBV Pol was measured using recombinant HBV nucleocapsids formed by coexpression of the polymerase and core proteins, in which the polymerase protein is specifically primed for replication of a pseudo-pregenomic HBV RNA in an epsilon-mediated fashion (29) . Assay modifications were made to further optimize the in vitro reaction conditions and to improve the sensitivity of detection using these nucleocapsids. The apparent K m and K i values reported here for wild-type HBV Pol are about 7-to 14-fold lower than values reported previously using similar recombinant HBV nucleocapsids (30) . One likely explanation for this difference is that reactions in the current study were carried out at 37°C, versus 30°C. This temperature increase would not only accelerate the enzyme reaction rate but would also increase the rate of diffusion of nucleotides into the interior of nucleocapsids where they are needed to act as substrates for HBV Pol. The resulting assay provided an optimal system to evaluate the effects of specific 3TC resistance mutations on DNA synthesis by HBV Pol. The measurements described here confirmed the excellent inhibitory potency of ETV-TP against wild-type HBV Pol and demonstrated reduced but still potent inhibition of 3TC-resistant HBV Pol. A comparison of the relative change in binding kinetics caused by YMDD mutations clearly demonstrated that the recognition of ETV-TP by HBV Pol was impacted to a lesser degree than that of 3TC-TP. A key to understanding the potential for in vivo efficacy is to know the level of active drug that is present in HBV-infected hepatocytes. In the case of 3TC, in vitro phosphorylation measurements have been a very useful indicator of the in vivo phosphorylation profile in the peripheral blood mononuclear cells of patients infected with human immunodeficiency virus (27) . In this report, we examined the phosphorylation of ETV in liver-derived cell lines exposed to clinically relevant concentrations of ETV. Human pharmacokinetic and pharmacodynamic data for both ETV and (Table 4) confirm an important aspect of the activation of ETV inside cells. The results showed that the efficiency of phosphorylation to the TP form increases as the concentration of extracellular ETV is lowered. On the basis of these in vitro data, 2.4 nM ETV in blood could produce an average intracellular concentration of ETV-TP in the range of 53 to 67 nM. If so, this would be well above the K i measured for inhibition of wild-type HBV DNA synthesis by ETV-TP, and strong inhibition of wild-type HBV replication would be expected at this exposure level. The inhibition kinetics of ETV-TP, in this respect, are consistent with the significant reduction of HBV DNA levels observed in patients treated with a 0.5-mg daily dose (7) . In patients treated with a once-daily dose of 100 mg of 3TC, the average steady-state concentration in blood is estimated to be 0.85 M (16). This could produce an average intracellular TP concentration of 0.85 to 1.7 M, based on reports that 3TC-TP levels in hepatoma cells are one-to twofold higher than the extracellular 3TC concentration (17, 32) . At this level, the concentration of 3TC-TP would also be well above its K i for wild-type HBV Pol and consistent with the initial efficacy of 100 mg of 3TC against chronic HBV infection.
A very different picture begins to emerge when the inhibition kinetics of 3TC-resistant HBV Pol are evaluated. Given that resistance to 3TC occurs readily, it is not surprising that the inhibitory potency of 3TC-TP was reduced Ͼ1,000-fold against 3TC-resistant YMDD variants. It is notable that the K i of 3TC-TP for the 3TC-resistant YMDD variant of HBV is above the level of intracellular 3TC-TP expected at clinically relevant exposure levels. This would be expected to result in incomplete inhibition and a consequent increase in HBV DNA replication relative to that of the wild-type HBV Pol, as occurs when resistance emerges. In contrast, the inhibition kinetics with ETV-TP clearly demonstrated potent inhibition of DNA synthesis by 3TC-resistant HBV Pol. While the potency of ETV-TP is reduced from that of the wild-type HBV Pol, the phosphorylation kinetics suggest that the intracellular concentration of ETV-TP expected in patients treated with 0.5 mg of ETV would remain above the K i for 3TC-resistant HBV Pol (K i ϭ 22 nM). This leads to the expectation that clinically relevant ETV exposure levels would reduce the replication of 3TC-resistant HBV.
Another way to evaluate potential cross-resistance in vitro is to examine the complete replication cycle of HBV inside cells. It has been demonstrated that HBV Pol has a stronger preference for binding ETV-TP than its natural dGTP substrate (30) and that ETV-TP can inhibit the priming function of HBV Pol (30) . Because these properties are unique relative to 3TC, it was important to determine the potential impact of YMDD mutations on ETV inhibition in an assay which involves all the replication functions of HBV Pol. For this reason, cell culture antiviral assays were used to gauge the potential for crossresistance to ETV. Another fact to consider is that YMDD mutations have been reported to reduce the replicative fitness of HBV in cells (26) , and this may have an impact on the outcome of viral replication assays which was not evident in enzyme inhibition assays. Because antiviral potency data reported in the literature for HBV vary significantly, two different cell culture systems were used to determine the effects of YMDD mutations on the antiviral potency of ETV. Similar results were obtained with either system, demonstrating that YMDD mutations conferred full resistance to 3TC but conferred no more than 20-to 30-fold cross-resistance to ETV.
The in vitro data reported here are consistent with recent clinical studies demonstrating the efficacy of ETV for the treatment of chronic HBV infections (7) and 3TC-resistant HBV infections (Tassopoulos et al., Hepatology 34:340A, 2001). The combined results indicate that the presence of YMDD mutations have a limited impact on the antiviral activity of ETV. Because of its superior potency against these variants, the development of resistance during ETV therapy may take longer to emerge and require other, or additional, mutations in HBV Pol. As a result, ETV therapy in treatment-naive patients might be expected to suppress HBV DNA levels more than 3TC therapy, due to increased potency, and for a longer duration, due to the reduced emergence of viable YMDD variants. Greater suppression of HBV DNA levels by ETV was, in fact, evident in patients treated with a 0.5-mg daily dose, which led to a drop in HBV DNA of Ͼ4 log 10 units at 22 weeks, a reduction of 1 to 1.5 log 10 units more than that observed for 3TC (20) . The results presented here are encouraging and underscore the importance of monitoring HBV isolated from ETV-treated patients for the potential emergence of resistant HBV. They also point clearly to the development of ETV as a promising advance in the treatment of chronic HBV infections. VOL. 46, 2002 SENSITIVITY OF 3TC-RESISTANT HBV TO ETV TREATMENT 2531
